The reconsolidation of cocaine memories following retrieval is necessary for the sustained ability of a cocaine-paired environmental context to elicit cocaine seeking. Extracellular signal-regulated kinase (ERK) is an intracellular signaling molecule involved in nucleus accumbens core (NACc)-mediated reconsolidation of Pavlovian cocaine memories. Here, we used a rodent model of drug contextelicited relapse to test the hypothesis that ERK would be similarly required for the reconsolidation of context-response-cocaine memories that underlie drug context-induced reinstatement of instrumental cocaine-seeking behavior, with a focus on the NACc and on the basolateral amygdala (BLA), another important locus for the reconsolidation of cocaine memories. We show that the mitogenactivated protein kinase (MEK)/ERK1/2 inhibitor, U0126 (1.0 mg/0.5 ml/hemisphere), microinfused bilaterally into the BLA-but not the NACc-immediately after brief re-exposure to a previously cocaine-paired context (that is, cocaine-memory reactivation), significantly attenuated subsequent drug context-induced cocaine seeking relative to vehicle (VEH). This effect in the BLA was associated with a transient inhibition of ERK1/2 phosphorylation, and it depended on memory reactivation given that U0126 administered following exposure to a novel context did not alter subsequent cocaine seeking. Furthermore, similar to U0126, baclofen þ muscimol-induced (B þ M; 106.8/5.7 ng/0.5 ml/hemisphere) neural inactivation of the NACc, following cocaine-memory reactivation, failed to alter subsequent cocaine seeking. These findings demonstrate that ERK activation in the BLA, but not the NACc, is required for the reconsolidation of context-response-cocaine associative memories. Together with prior research, these results suggest that contextual drug-memory reconsolidation in Pavlovian and instrumental settings involves distinct neuroanatomical mechanisms.
INTRODUCTION
Exposure to cocaine-associated environmental contexts reliably elicits craving and relapse in abstinent cocaine addicts (Childress et al, 1988) . This phenomenon requires the maintenance of cocaine-related associative memories in long-term memory (LTM) stores (Crombag et al, 2008; Fuchs et al, 2008b) . The memory reconsolidation hypothesis posits that memory traces are rendered labile upon retrieval and must undergo a protein synthesis-dependent reconsolidation process to subsist (Finnie and Nader 2012 ).
Promising findings from human studies and animal models of drug relapse suggest that interfering with the reconsolidation of maladaptive drug-related memories can reduce their impact on future drug-seeking behavior (for review, see Sorg, 2012) . Hence, elucidating the molecular mechanisms of cocaine-memory reconsolidation will be invaluable for the development of highly selective pharmacotherapies aimed at cocaine relapse prevention.
Phosphorylation-dependent activation of the mitogenactivated protein kinase, ERK, (Derkinderen et al, 1999) likely contributes to the reconsolidation of maladaptive cocaine memories. In support of this, inputs from extracellular and upstream intracellular signals important for drug-memory reconsolidation, including the stimulation of b-adrenergic (Milton et al, 2008b; Fricks-Gleason and Marshall, 2008) and N-methyl aspartate receptors (Brown et al, 2008; Milton et al, 2008a) , as well as the activation of protein kinase A (Sanchez et al, 2010) , are integrated at the level of ERK activation in the cytoplasm of neurons (Sweatt, 2001) . In turn, ERK phosphorylates several transcription factors (Goodman, 1990; Impey et al, 1999; Sgambato et al, 1998) that have also been implicated in drug-memory reconsolidation, including the cAMP response element binding protein (CREB) and E twenty-six (ETS)-like transcription factor 1 (Miller and Marshall, 2005) . Furthermore, evidence suggests that ERK itself is required for the reconsolidation of object recognition memories (Kelly et al, 2003; Silingardi et al, 2011) , conditioned-fear associations (Duvarci et al, 2005) , and importantly, Pavlovian cocainerelated memories that underlie the expression of cocaineconditioned place preference (CPP; Miller and Marshall 2005; Valjent et al, 2006) . However, the role of ERK in the reconsolidation of contextual drug memories has not been assessed in an instrumental paradigm. Hence, the present study utilized the extinction-reinstatement model of environmentally triggered drug relapse in order to determine whether ERK signaling would be required for the reconsolidation of context-response-cocaine memories in two brain regions that critically regulate drug-memory reconsolidation: the basolateral amygdala (BLA; Sanchez et al, 2010; Li et al, 2010; Fuchs et al, 2009 ) and the nucleus accumbens core (NACc; Miller and Marshall, 2005; Théberge et al, 2010) .
MATERIALS AND METHODS

Animals
Male Sprague-Dawley rats (N ¼ 98, Charles-River, Wilmington, MA) were housed in a temperature-controlled vivarium on a reversed light-dark cycle. Rats were maintained on 20-25 g of rat chow per day. Water was available ad libitum. The housing and treatment of animals followed the 'Guide for the Care and Use of Laboratory Rats' (Institute of Laboratory Animal Resources on Life Sciences, National Research Council, 2011) and were approved by the Institutional Animal Care and Use Committee of the University of North Carolina at Chapel Hill.
Food Training and Surgery
To expedite cocaine self-administration training, rats were first trained to lever press under a fixed-ratio 1 (FR-1) schedule of food reinforcement overnight. Forty-eight hours later, they were surgically implanted with intravenous jugular catheters and twenty-six gauge stainless steel guide cannulae (Plastics One) aimed bilaterally either at the BLA ( À 2.7 mm AP, ± 5.1 mm ML, À 6.7 mm DV, relative to bregma) or the NACc (angled laterally by 101; þ 1.4 mm AP, ± 3.1 ML, À 4.8 mm DV, relative to bregma). The food training, surgery, and post-operative care procedures have been described previously (Fuchs et al, 2009 ).
Self-Administration and Extinction Training
After surgical recovery, daily 2-h self-administration training sessions were conducted in standard operant conditioning chambers that were configured to one of two distinctly different contexts (Contexts 1 and 2, described in Supplementary Table 1) during the rats' dark cycle. Active lever presses resulted in cocaine reinforcement (cocaine hydrochloride; 0.15 mg/0.05 ml per infusion, i.v.; NIDA, Research Triangle Park, NC) under a FR-1/time-out-20 s schedule, as described previously (Fuchs et al, 2009) . Responses on the other (inactive) lever were recorded but had no scheduled consequences. Training continued until rats reached the acquisition criterion (ie, minimum 10 sessions with X10 cocaine infusions/session).
Next, rats received seven daily 2-h extinction-training sessions in the context (1 or 2) that had not been used for self-administration. During extinction training, active and inactive lever responses were recorded but had no scheduled consequences. Following the fourth extinctiontraining session, rats were adapted to the intracranial microinfusion procedure, as described previously (Fuchs et al, 2009 ).
Experiment 1a. Experiment 1a evaluated whether intra-BLA administration of the MEK/ERK inhibitor, U0126, which prevents the phosphorylation-dependent activation of ERK (London and Clayton, 2008) , would impair instrumental, context-response-cocaine memory reconsolidation. On the day after the last extinction training session, rats were re-exposed to the cocaine-paired context for 15 min to initiate the destabilization and reconsolidation of cocaine memories (ie, cocaine-memory reactivation; Fuchs et al, 2009 ; see Figure 1a ). The levers were extended but cocaine was not infused upon lever pressing given that cocaine itself stimulates ERK phosphorylation (Zhai et al, 2008) . Immediately after the session, rats received bilateral intra-BLA microinfusions of 5% DMSO/6% TWEEN vehicle (VEH) or U0126 (1.0 mg/0.5 ml/hemisphere, based on Miller and Marshall, 2005) . Treatment assignment was counterbalanced based on previous cocaine intake. Infusions were delivered over 2 min, and the injection cannulae were left in place for 1 min before and after the microinfusion.
Post-Reactivation Extinction and Test of Drug ContextInduced Cocaine Seeking
Following memory reactivation, rats received additional daily 2-h extinction-training sessions (2.28 ± 0.20 days) until they reached the extinction criterion (ie, p25 active lever responses per session on a minimum of 2 consecutive days). Twenty-four hours later, rats were placed into the cocaine-paired context for a 2-h test of drug contextinduced cocaine seeking. Lever presses were recorded, but had no scheduled consequences. Non-reinforced active lever presses provided an index of motivation to obtain cocaine reinforcement.
Experiment 1b. Experiment 1b examined whether the effects of intra-BLA U0126 would depend on explicit memory reactivation, consistent with genuine memory reconsolidation impairment (Nader et al, 2000b) . The experimental protocols were identical to those in Experiment 1a (see Figure 1a ) except that rats were placed into a novel, unpaired context (described in Supplementary Table 1) that distinctly differed from contexts 1 and 2, for 15 min before receiving bilateral microinfusions of VEH or U0126 into the BLA. Novel context exposure was expected to circumvent explicit reactivation of the context-responsecocaine memory trace while producing similar behavioral history to that in Experiment 1a (ie, transportation to the testing room; novelty akin to that experienced by the groups in Experiment 1a that were re-exposed to the cocaine-paired context B7 days after self-administration training).
Experiment 1c. Experiment 1c was designed to confirm that U0126 transiently suppressed the ERK1/2 activation.
The experimental protocols were identical to those in Experiment 1a/b (see Figures 1a and 2a) except that rats were exposed to the cocaine-paired or the novel, unpaired context for 15 min or they stayed in their home cages, prior to receiving bilateral microinfusions of VEH or U0126 into the BLA (see Figure 2a) . The rats were euthanized 30 min later based on the phosphorylation kinetics of ERK1/2 (Valjent et al, 2000; Choe and McGinty, 2001; Zhang et al, 2004; Miller and Marshall, 2005) in order to capture maximal ERK phosphorylation related to the onset of Figure 1 ERK inhibition in the BLA immediately after cocaine-memory reactivation impairs subsequent drug context-induced cocaine seeking, relative to VEH treatment. (a) Schematic depicting the timeline for Experiments 1a and 1b. Cocaine self-administration (SA) sessions took place in a distinct environmental context until rats reached the acquisition criterion ( * 10 infusions/session for a minimum of 10 sessions). Extinction training occurred in a distinctly different context. After extinction training, rats were re-exposed to the cocaine-paired context (Cocaine-memory reactivation) for 15 min to destabilize cocaine memories and stimulate memory reconsolidation (Experiment 1a), or they were exposed to a novel, unpaired context (No memory reactivation), to provide similar experience without explicit cocaine-memory reactivation (Experiment 1b). Immediately after the session, rats received bilateral microinfusions of the MEK/ERK inhibitor, U0126 (1.0 mg/0.5 ml/hemisphere) or 5% DMSO/6% TWEEN vehicle (VEH; 0.5 ml/hemisphere) into the BLA. Next, groups underwent additional extinction training until they met the extinction criterion ( # p25 non-reinforced active lever responses/session for two consecutive sessions). Cocaine seeking (non-reinforced active lever responding) was then assessed in the cocaine-paired context (COC-paired). (b) Photomicrograph and schematics depicting cannula placement. The symbols denote the most ventral point of the injector cannula tracts for rats in Experiment 1a that received bilateral vehicle (VEH; n ¼ 7, white circles) or U0126 (n ¼ 8, black circles) infusions into the BLA following cocaine memory reactivation and for rats in Experiment 1b that received bilateral VEH (n ¼ 7, white triangles) or U0126 (n ¼ 8, black triangles) infusions following exposure to a novel, unpaired context. Numbers indicate the distance from bregma in mm, according to the rat brain atlas of Paxinos and Watson (1997) . ( memory reconsolidation (Pedreira and Maldonado 2003) . These rats were compared to rats euthanized after the final test session (ie, B72 h after treatment) in Experiment 1a. Following euthanasia by rapid decapitation, brains were removed, flash frozen in isopentane, and stored at À 80 1C. Punches were taken from the BLA or the dorsally adjacent posterior caudate putamen (pCPu; ie, anatomical control) with 19Ga neuropunches (Fine Science Tools) from 40 mm Experimental parameters were identical to those in Experiment 1a, except that rats received bilateral microinfusions of U0126 (1.0 mg/0.5 ml/hemisphere) or VEH into the BLA following exposure to the cocaine-paired context (Cocaine-memory reactivation), the novel, unpaired context (No memory reactivation), or the home cage (No memory reactivation), and were sacrificed 30 min later. ** Rats from Experiment 1a were sacrificed immediately after the test of drug context-induced cocaine seeking. (b) Mean ( ± SEM) ERK1/2 activation (expressed as the ratio of pERK to total ERK protein levels, normalized to actin) in rats sacrificed 30 min after cocaine-memory reactivation and intracranial manipulations. Representative bands of pERK1, pERK2, total ERK1, total ERK2, and actin (ie, loading control) are also provided. (c) Mean ( ± SEM) ERK1/2 activation and representative bands for rats sacrificed 30 min after novel context exposure and intracranial manipulations. (d) Mean ( ± SEM) ERK1/2 activation and representative bands for home cage controls sacrificed 30 min after intracranial manipulations. (e) Mean ( ± SEM) ERK1/2 activation in the posterior caudate putamen (pCPu; anatomical control region) and representative bands for rats sacrificed 30 min after cocaine-memory reactivation and intracranial manipulations. (f) Mean ( ± SEM) ERK1/2 activation and representative bands for rats sacrificed immediately after the test of cocaine seeking in Experiment 1a. (g) Photomicrograph depicting the location of BLA and pCPu tissue punches that were used for western blotting. * denotes significant difference relative to the respective home cage controls (planned, one-tail t-test, Po0.05). z denotes significant difference relative to VEH treatment (Student's t-test, Po0.05).
tissue sections, which were also collected to verify cannula placement. Punched tissue was stored at À 80 1C in lysis buffer containing 10 mM HEPES, 1% SDS, and 1 Â protease and phosphatase inhibitor cocktails (Sigma Aldrich, St Louis, MO).
Western Blotting
Samples were thawed on ice, manually homogenized, and boiled for 10 min at 100 1C. Protein concentrations were determined using the Biorad DC protein assay. For each sample, 15 mg of protein were electrophoresed on a 12% Tris-HCL polyacrylamide gel and transferred to a polyvinylidene difluoride membrane for 1 h at 100 V. Membranes were then blocked in 5% milk for 1 h and incubated in rabbit anti-phosphorylated ERK1/2 (pERK1/2; 44/42 kDA, respectively) (1 : 2000, Cell Signaling, Beverly, MA) overnight (16-20 h) at 4 1C. Membranes were then incubated in horseradish peroxidase-conjugated secondary antibody (1 : 10 000, GE Healthcare, Piscataway, NJ), for 1 h, followed by development with an enhanced chemiluminescence (ECL) system (Pierce Biotech, Rockford, IL). Membranes were subsequently incubated with stripping buffer (62.5 mM Tris-HCL at pH 6.7, 2% SDS, 100 mM betamercaptoethanol) to permit re-probing with antibodies to total (phosphorylated plus unphosphorylated) ERK1/2 (1 : 2000, Cell Signaling, Beverly, MA) and later actin (ie, loading control; 1 : 50 000, Santa Cruz Biotechnology, Santa Cruz, CA). Protein levels of pERK1/2, total ERK1/2, and actin were quantified by densitometry, using NIH Image J software. To evaluate changes in ERK activation, pERK1/2 was normalized to total ERK1/2 and actin. Subsequent discussion of ERK1/2 activation refers to normalized levels. Experiment 2a. Experiment 2a assessed whether intraNACc administration of U0126 would impair cocainememory reconsolidation. The experimental parameters used were identical to those in Experiment 1a, except that rats received bilateral microinfusions of VEH or U0126 into the NACc immediately after cocaine-memory reactivation (see Figure 3a) . Experiment 2b. Experiment 2b investigated whether global neural inactivation of the NACc would impede cocaine-memory reconsolidation, in the event that ERK inhibition had no effect. The procedures used were identical to those in Experiment 2a, except that rats received bilateral intra-NACc microinfusions of phosphate buffered saline VEH or the GABA A/B agonist cocktail, baclofen þ muscimol (B þ M; 106.8/5.7 ng/0.5 ml/hemisphere), immediately after cocaine memory reactivation (see Figure 3a) . B þ M suppresses neuronal activity while sparing fibers of passage (Martin and Ghez, 1999) .
Histology
In Experiments 1a, 1b, 2a, and 2b, rats were overdosed with ketamine hydrochloride and xylazine (66.6 and 1.3 mg/kg, i.v. or 199.8 and 3.9 mg/kg, i.p., respectively, depending on catheter patency) and transcardially perfused, as described previously (Fuchs et al, 2009) . Brains were dissected out and stored in 10% formaldehyde solution until they were sectioned coronally using a vibratome. Cannula placements were verified on 75 mm sections stained using cresyl violet (Kodak, Rochester, NY, USA). The most ventral portion of each cannula tract was mapped onto schematics from the rat brain atlas (Paxinos and Watson, 1997) .
Data Analysis
Analyses of variance (ANOVAs) or t-tests were conducted to examine pre-existing differences in responding during self-administration, extinction, and the memory reactivation session, as well as ERK1/2 activation and responding during the test sessions in the extinction and cocaine-paired contexts, as described in detail in Supplementary Table 2. Tukey's tests were used to probe significant main and interaction effects. Alpha was set at 0.05.
RESULTS
Histology
Schematics and photomicrographs illustrating cannula placements are included in Figures 1b and 3b , and Supplementary Figure 1 . The target brain regions were defined as the lateral and basolateral nuclei of the amygdala and the nucleus accumbens core. High power microscopy did not reveal tissue damage (ie, extensive cell loss or gliosis). Only data from rats with correct cannula placements were included in statistical analyses.
Behavioral History
There were no pre-existing differences between the groups in cocaine intake, active or inactive lever responding during cocaine self-administration training, extinction training, or the memory reactivation session; or in the number of days required to reach the extinction criterion. These descriptive statistics are provided in Supplementary Table 3.
Experiment 1a: Effects of U0126 microinfused into the BLA following cocaine-memory reactivation on subsequent drug context-induced cocaine seeking. U0126 administration into the BLA following cocaine-memory reactivation altered subsequent cocaine seeking in a context-dependent fashion (Figure 1c ; ANOVA context x treatment interaction, F (1,13) ¼ 5.15, P ¼ 0.03; context main effect, F (1,13) ¼ 33.54, Po0.001; treatment main effect, F (1,13) ¼ 5.01, P ¼ 0.04). In the group that had received VEH into the BLA following cocaine-memory reactivation, active lever responding increased upon exposure to the cocaine-paired context at test, relative to that in the extinction context (Tukey's test, Po0.05). Conversely, the group that had received U0126 responded less on the active lever in the cocaine-paired context, but not the extinction context, relative to the VEH-treated group (Tukey's test, Po0.05). As a result, the U0126-treated group exhibited no difference in active lever responding in the extinction and cocaine-paired contexts.
Experiment 1b: No reactivation control experiment. U0126 administration into the BLA following exposure to a novel, unpaired context failed to alter subsequent drug context-induced cocaine seeking (Figure 1d ). Active lever responding increased upon exposure to the cocaine-paired context at test, relative to that in the extinction context (ANOVA context main effect only, F (1,13) ¼ 13.15, P ¼ 0.03). Furthermore, there was no difference between the VEH-and U0126-treated groups in active lever responding in either context (treatment main and interaction effects, F (1,13) ¼ 0.01-0.20, P ¼ 0.66-0.91).
Experiment 1c: Effects of U0126 in the BLA on ERK1/2 activation. Quantitative western blot analyses indicated that U0126 administration into the BLA significantly reduced ERK1 and ERK2 phosphorylation in the BLA in a transient and memory reactivation-dependent manner. Specifically, bilateral microinfusions of U0126 following explicit cocaine-memory reactivation significantly attenuated ERK1 (t (13) ¼ 3.095, P ¼ 0.009) and ERK2 (t (13) ¼ 3.062, P ¼ 0.009) activation in the BLA, relative to VEH (Figure 2b ) when assessed 30 min post treatment. Conversely, when U0126 treatment was administered following exposure to the novel, unpaired context (Figure 2c ) or the home cage (Figure 2d) , it did not alter ERK1 (t (12) ¼ 0.476, P ¼ 0.64; t (9) ¼ 0.505, P ¼ 0.63, respectively) or ERK2 (t (12) ¼ 0.165, P ¼ 0.87; t (9) ¼ 0.960, P ¼ 0.36, respectively) activation in the BLA, relative to VEH.
Separate one-way ANOVAs indicated a marginal difference in ERK2 (F (2,17) ¼ 3.25 P ¼ 0.06), but not in ERK1 Figure 3 ERK inhibition in, or neuronal inactivation of, the NACc after cocaine-memory reactivation fails to disrupt subsequent drug context-induced cocaine seeking. (a) Schematic depicting the timeline for Experiments 2a and 2b. Experimental parameters were identical to those in Experiment 1a, except that rats in Experiment 2a received bilateral U0126 (1.0 mg/0.5 ml) or VEH infusions into the NACc following cocaine-memory reactivation, and rats in Experiment 2b received bilateral GABA A/B agonist cocktail baclofen þ muscimol (B þ M; 106.8/5.7 ng/0.5 ml/hemisphere) or phosphate buffered saline vehicle (VEH) infusions into the NACc following cocaine-memory reactivation. (b) Photomicrographic and schematic depiction of cannula placements. The symbols denote the most ventral point of the injector cannula tracts for rats that received bilateral VEH (n ¼ 7, open circles) or U0126 (n ¼ 7, filled circles) infusions into the NACc in Experiment 2a and for rats that received bilateral phosphate buffered saline VEH (n ¼ 7, open squares) or B þ M (n ¼ 6, filled squares) infusions in Experiment 2b. Numbers indicate the distance from bregma in mm, according to the rat brain atlas of Paxinos and Watson (1997) . (F (2,17) ¼ 1.29, P ¼ 0.30), activation between the groups that received VEH after exposure to the cocaine-paired context, the novel context, or the home cage. Furthermore, planned pairwise comparisons revealed that there was an increase in ERK2, but not ERK1, activation in these groups following exposure to the cocaine-paired context (one-tail t (10) ¼ 2.042, P ¼ 0.03), but not the novel context (one-tail t (12) ¼ 0.675, P ¼ 0.26), relative to the home cage.
The effects of intra-BLA U0126 administration on ERK1/2 activation were anatomically selective and transient. Intra-BLA infusions of U0126 following cocaine-memory reactivation did not alter ERK1 (t (12) ¼ 0.673, P ¼ 0.51) or ERK2 (t (12) ¼ 0.196, P ¼ 0.84) activation in the pCPu, relative to VEH (Figure 2e) . Furthermore, U0126 administered following cocaine-memory reactivation did not alter ERK1 (t (12) ¼ 0.073, P ¼ 0.94) or ERK2 (t (12) ¼ 0.160, P ¼ 0.88) activation in the BLA, relative to VEH when assessed B72 h post treatment, immediately after the test of cocaine seeking (Figure 2f ).
Experiment 2a: Effects of U0126 microinfused into the NACc following cocaine-memory reactivation on subsequent drug context-induced cocaine seeking. U0126 administration into the NACc after cocaine-memory reactivation did not alter subsequent drug context-induced cocaine seeking (Figure 3c ). Active lever responding increased upon exposure to the cocaine-paired context at test, relative to that in the extinction context (ANOVA context main effect only, F (1,12) ¼ 35.88, Po0.001). Furthermore, there was no difference between the previously VEHand U0126-treated groups in active lever responding in either context (treatment main and interaction effects, F (1,12) ¼ 0.67-1.64, P ¼ 0.22-0.43).
Experiment 2b: Effects of NACc neural inactivation following cocaine-memory reactivation on subsequent drug context-induced cocaine seeking. Bþ M administration into the NACc following cocaine-memory reactivation failed to alter subsequent drug context-induced cocaine seeking (Figure 3d ). Active lever responding increased upon exposure to the cocaine-paired context at test, relative to that in the extinction context (context main effect only, F (1,11) ¼ 20.43, P ¼ 0.001). Moreover, there was no difference between the previously VEH-and B þ M-treated groups in active lever responding in either context (treatment main and interaction effects, F (1,11) ¼ 0.10-0.30, P ¼ 0.59-0.75).
Inactive lever responding. Inactive lever responding was low in all experiments and did not significantly differ as a function of treatment group or testing context (all Fso3.017, Ps40.108; Figures 1, 3c 0 and d 0 ).
DISCUSSION
Results from the present study suggest that the BLA, but not the NACc, critically regulates the reconsolidation of contextual memories that trigger instrumental cocaineseeking behavior. Consistent with this, in the present study, ERK inhibition in the BLA following brief re-exposure to the cocaine-paired context, a manipulation designed to reactivate context-response-cocaine associative memories and prompt their reconsolidation, disrupted subsequent drug context-induced cocaine-seeking behavior, presumably by inhibiting memory reconsolidation (Figure 1c) . Conversely, ERK inhibition in, or GABA agonist-induced neural inactivation of, the NACc was without effect under the same experimental conditions (Figure 3c and d) .
ERK Signaling in the BLA Critically Regulates the Reconsolidation of Contextual Cocaine Memories
Administration of the MEK/ERK inhibitor, U0126, into the BLA following cocaine-memory reactivation decreased ERK1/2 phosphorylation in the BLA during the putative time of memory restabilization ( Figure 2b ) and attenuated drug context-induced cocaine seeking B72 h later (Figure 1b ), relative to VEH. As expected from a genuine memory reconsolidation deficit, these effects depended on explicit cocaine-memory reactivation in that U0126 administration in the absence of cocaine-paired context re-exposure (ie, following novel context exposure) failed to alter subsequent drug context-induced cocaine-seeking behavior ( Figure 1d ). There was an increase in ERK2, but not ERK1, phosphorylation in the BLA following exposure to the cocaine-paired context, relative to the home cage (Figure 2b and d) . This differential response in ERK1 and ERK 2 activation might reflect functional differences between these ERK isoforms in the effects of drugs of abuse (Mazzucchelli et al, 2002; Girault et al, 2007) . Conversely, there was no increase in ERK1/2 phosphorylation following exposure to the novel context, relative to the home cage (Figure 2c and d) , despite a previous report to the contrary in drug-naive rats (Izquierdo et al, 2001) . As novelty was most robust at the start of novel context exposure and ERK1/2 phosphorylation typically peaks B15-30 min following induction (Valjent et al, 2000) , novelty-induced ERK activation possibly dissipated by the time of tissue collection. Remarkably, U0126 selectively attenuated ERK1/2 phosphorylation after exposure to the cocaine-paired context (Figure 2b ) without an overt effect on basal ERK1/2 phosphorylation (Figure 2d ). Although the latter may have been due to a floor effect or alteration in ERK1/2 phosphorylation kinetics following cocaine experience (Berhow et al, 1996) , these findings support the importance of ERK1/2 activation in the restabilization of contextual cocaine memories in an instrumental setting. Importantly, U0126 administration did not exert a protracted inhibitory effect on instrumental motor performance or on ERK1/2 activation. Specifically, it did not alter active lever responding in the extinction context (Figure 1c ) or inactive lever responding in either context (Figure 1c 0 ) at test. Furthermore, it failed to alter ERK1/2 activation in the BLA B72 h later at test (Figure 2f) , consistent with the short half-life of U0126 (B2 h; London and Clayton, 2008) . These findings support that U0126 transiently interfered with ERK activation during memory reconsolidation.
Finally, the effects of U0126 were anatomically selective to the BLA, given that intra-BLA administration of U0126 failed to reduce ERK1/2 phosphorylation in the posterior caudate putamen (pCPu), a brain region that is dorsally adjacent to the BLA, thus the most probable recipient of inadvertent drug diffusion (Figure 2e ). Although we did not similarly examine the possible role of the central nucleus (CeA), a brain region dorsal-medially adjacent to the BLA, in the effects of U0126 in the present study, a role for the CeA in drug-memory reconsolidation has been examined repeatedly and was not supported Li et al, 2010; Wu et al, 2011) . ERK1/2 activation in the CeA, but not the BLA, is necessary for the incubation phenomenon, a reliable enhancement in cue-induced drug seeking following an extended drug-free period (Lu et al, 2005; Li et al, 2008) . The development of incubation may be facilitated by the repeated retrieval and reconsolidation of drug-related associations during abstinence (NolenHoeksema et al, 2007; Wells et al, 2011) . However, in light of the above incubation studies, the present findings suggest that ERK1/2 activation is differentially involved in drugmemory reconsolidation and in the retrieval/utilization of repeatedly reconsolidated drug memories. Thus, overall, the most parsimonious interpretation of the present findings is that U0126 in the BLA interfered with ERK phosphorylation related to context-response-cocaine memory reconsolidation, per se, and thereby disrupted the subsequent influence of this associative memory on cocaine-seeking behavior.
The present findings significantly contribute to prior research, indicating that the BLA is a primary site for memory reconsolidation (Tronson and Taylor, 2007; Milton and Everitt, 2010 ; but see Cammarota et al, 2004) and expand upon previous findings from our laboratory, demonstrating that the BLA is a locus for the protein synthesis-dependent restabilization of instrumental, context-response-cocaine memories (Fuchs et al, 2009) . ERK signaling may be key to memory reconsolidation as a regulator of gene transcription and protein synthesis via the post-translational modification of transcription factors, including Elk1 and/or CREB (Miller and Marshall, 2005) . As ERK is a fundamental component of several intracellular signaling cascades (Adams and Sweatt, 2002) , future research will be necessary to characterize the molecular pathways through which it mediates cocaine-memory reconsolidation.
The NACc and the Reconsolidation of Cocaine Memories ERK inhibition in, or global neural inactivation of, the NACc following cocaine-memory reactivation failed to impair subsequent drug context-induced cocaine seeking (Figure 3c and d) . These findings were unanticipated because ERK signaling and zif268 immediate-early gene expression within the NACc have critical roles in the reconsolidation of Pavlovian context-cocaine memories required for cocaine-CPP (Miller and Marshall, 2005 and Théberge et al, 2010, respectively) . The negative findings in the present study cannot be attributed to insufficient dosing, as the doses of U0126 and B þ M used impair the reconsolidation of Pavlovian cocaine memories (Miller and Marshall, 2005) and the expression of drug context-induced cocaine seeking (Fuchs et al, 2008a) , respectively. However, these null effects could reflect NACc-specific boundary conditions in memory reconsolidation. CPP studies typically involve a shorter timeline and fewer CS-US pairings than those in the present study (Miller and Marshall, 2005; Valjent et al, 2006; Théberge et al, 2010; Brown et al, 2008) , and memory age and strength are inversely related to the ease of memory destabilization and/or disruption (Milekic and Alberini, 2002; Suzuki et al, 2004; Finnie and Nader, 2012) , perhaps because remote, well-trained memories are incorporated into rigid or extensive neuronal networks (McClelland et al, 1995; Frankland and Bontempi, 2005) . Thus, our negative findings may suggest either a timelimited involvement of the NACc or the resilience of NACcdependent context-response-cocaine memory traces to destabilization, perhaps due to cocaine-induced metaplasticity (Lu et al, 2006; Kalivas and O'Brien, 2008; Finnie and Nader, 2012) . However, it is also possible that the NACc is not critical for reconsolidating complex, instrumental context-response-cocaine memories. Consistent with this, re-exposure to a food-paired context fails to increase ERK2 activation in the NACc concomitant with food-seeking behavior (Shiflett et al, 2008) . PKM-and PKC-zeta inhibition in the NACc, following re-exposure to a remifentanil-associated runway apparatus, fails to alter the speed of approach to the drug-paired goal box, which is considered a quasi-instrumental response (Crespo et al, 2012) . However, it impairs the time spent in the goal box, which is considered a measure of Pavlovian conditioning. Similarly, zif268 knockdown in the NACc disrupts the reconsolidation of a Pavlovian cocaine-memory, but not a CS-cocaine memory required for the acquisition of a new instrumental response (Théberge et al, 2010) .
General Conclusion
The present study and others (Théberge et al, 2010) suggest that the NACc and BLA mediate cocaine-memory reconsolidation under different experimental conditions. The NACc is critical in the restabilization of Pavlovian cocaine memories (Miller and Marshall, 2005; Théberge et al, 2010; Crespo et al, 2012) , whereas the BLA has a more global role in the reconsolidation of Pavlovian and instrumental cocaine memories (Théberge et al, 2010; Sanchez et al, 2010; Fuchs et al, 2009) , at least in part through ERK-dependent processes. Future studies will be needed to parametrically vary the extent of cocaine exposure and instrumental conditioning, as well as the length of the training-to-reactivation interval, in order to gain further insight into the relative contributions of the NACc and the BLA to the restabilization of maladaptive cocaine memories. Nevertheless, the present findings support the idea that the treatment of cocaine addiction will benefit from the development of highly selective memory reconsolidation inhibitor treatments designed to assuage the impact of environmental contexts on cocaine craving.
